Abstract. Stress-induced martensitic transformations and twinning processes were studied in thin foils of CuAlNi single crystals strained in-situ in a transmission electron microscope. A detailed structure analysis comprised identification of phases existing under stress and determination of their mutual crystallographic orientation. Three transformation processes were detected: i) transformation of austenite into 2H martensite at low stress levels; ii) twinning/detwinning processes in 2H martensite, and iii) transformation between austenite and 18R martensite at higher stress levels. Nucleation and growth of martensite plates were followed, and morphology of the austenite/martensite habit planes was examined. Existence of planar interfaces between a single variant of 2H martensite and austenite on microscopic level was proved.
Introduction
Cu-base alloys are attractive for fundamental research of the thermo-mechanical properties of shape memory materials (superelasticity, shape memory effect, twinning in martensite) because the martensitic transformations in them are fairly well known and the related deformation processes are linked with large reversible strains. Besides, Cu-base alloys can be relatively easily prepared in the form of oriented single crystals.
In CuAlNi alloys subjected to stress-free cooling, the D0 3 ordered parent phase ( 1 austenite) transforms into orthorhombic 2H ( 1 1 on the alloy composition [1] . In the presence of an external stress, multistage thermoelastic behavior is observed reflecting variety of successive austenite-to-martensite and martensite-to-martensite transitions [2] [3] [4] [5] [6] . Beside 1 and 1 martensites, also 1 structure was reported in CuAlNi single crystals subjected to tensile stress in the [100] 1 direction [4, 6] . In-situ light microscopy and X-ray diffraction were utilized to follow the morphological changes associated with successive martensitic transformations under stress and the resulting crystal structures [2] [3] [4] . In-situ observations by light microscopy were also successfully used on CuAlNi and CuAlMn single crystals to monitor the austenite-martensite interface propagating under tensile [7] or compression [8, 9] straining. The crystal structure, internal defects, habit planes and orientation relationships of the stress-induced 1 1 microscopy (TEM) in [10, 11] . The analysis, however, was made ex-situ on stress-induced martensites in the unstressed state. In order to obtain a closer insight into the dynamically evolving microstructures, in-situ TEM straining experiments seem to be a very suitable technique [12] [13] [14] [15] [16] .
Experimental
A single crystal of nominal composition Cu-13.9Al-4.4Ni (in wt. %) grown by the Bridgman technique was used for the experiment. The as-grown crystal (80mm long, 22 mm in diameter) was annealed at 950 o C for 1 hour in Ar atmosphere and quenched into a mixture of ice and water. The resulting structure at room temperature was 1 (D0 3 
Results
The observations described below were made in the proximity of the places where the tangent to the hole was parallel to the longitudinal specimen axis. The axis of the major principal stress (local tensile axis) in the material remains parallel to the external tensile axis at those places and the magnitude of the stress is the highest there [18, 19] . From the calculations performed in Ref. [18] we can estimate that a load of 1 N corresponds to an average tensile stress of about 130 MPa in the regions of observation.
The lattice correspondence between the martensites (M) and the parent 1 [10, 11] . This relationship gives six variants for 1 1 1 as given in Table 1 . The diffraction patterns from individual martensitic needles were fitted to 1 1 1 deg) one of the martensite-austenite lattice correspondences in Table 1 . The lattice parameters and atomic arrangements of 1 1 1 20]; a o = 0.5835 nm were used for the cubic 1 austenite [8] . Up to three different diffraction patterns from the same martensite plate, acquired by tilting the straining stage, were necessary to identify the structure and the orientation of the plate unambiguously. Identification of martensite variants is described in detail in our previous paper [16] . The first martensite needles appeared at the hole edge (Fig. 2) at loads of about 0.7 N (local tensile stress 100 N [18] ). They were identified as variants V3 of 1 e. With increasing stress, the 1 needles grew extremely rapidly to their final size (no details of the 1 1 video-recorded), reaching dimensions of about 10 m in some cases. No reverse 1 1 transformation took place under unloading. In the thinnest areas of the foil, near the hole edge, the 1 martensite needles consisted of a single variant with a smooth 1 1 habit plane (see the upper part of the 1 martensite needle in Fig. 2 ). In thicker areas of the foil, the 1 It is apparent in the lower part of the 1 needle in Fig. 2 (marked by black arrows) . Fig. 3 shows in detail the boundary between a large 1 the 1 austenite. The wedge shaped needles, identified as 1 (V1) variant, are surrounded by 1 t that forms the rest of the martensite plate. The habit plane between austenite and 1 is of zig-zag shape and consists of two types of differently oriented facets. The facets larger than 1 m were observed in some cases. The crystallography of the facets forming the 1 / 1 by stereo-microscopy [21] . Facet A, the interface between 1 1 , was found very close to (  1  3  3 ) 1 plane while facet B, between 1 1 , was identified as (  1  3  3 ) 1 plane. However, different crystallographic planes were found for other 1 1 interfaces (see Fig. 1 ). (Fig. 4) . Similar defects were not found in the variant 1 3), which suggests that the defects are located in the 1 (V1) / 1 yet clear. At loads of about 2 N (tensile stresses of 260 MPa), the first 1 martensite needles were detected. The 1 needles nucleated always at the already existing 1 5. The 1 plates were identified predominantly as 1 (V3) or 1 (V6) variants. The 1 needles developed in the number and length with increasing load and grew by a jerky movement of the needle tip. During unloading, the 1 transformed back into the 1 matrix. Unlike the 1 1 under stress could be easily video-recorded.
Discussion
Let us compare briefly the transformation behavior of strained thin foils with the transformation responses of bulk single crystals, expressed conventionally in the form of -T phase diagrams [2, [4] [5] [6] . We shall compare our observations with the results by Otsuka et al [2] who tensile strained CuAlNi single crystals of a composition and orientation very similar to our foils. The test temperature in our TEM straining experiments was in the close proximity of A f ( +20 o C). According to the -T diagram shown in Fig. 11 in [2] , formation of 1 and 1 martensites at low stress levels should be expected with the same probability. However, the stress-induced transformation in the foils started always with formation of 1 martensite. The rough estimate of the stress at which the first 1 needles appeared is about 100 N, in good agreement with macroscopic measurements [2, 5] . Once the 1 needle had nucleated, it spread extremely rapidly to its final dimension. The 1 1 transformation in the thin foil seems to correspond well to the macroscopic observation of a sharp peak at the beginning on the stress-strain curve connected with formation of the first band of 1 martensite [2] . On the other hand, formation of 1 martensite is obviously more difficult in the thin foil, and the first 1 1 ones. The complicated boundaries between the already existing 1 martensite and the parent austenite (Fig. 3 ) serve as sites of preferential nucleation of 1 , probably because of their crystallographic geometry. Nucleation of 18R martensite on the tip of a 2H martensite needle during in-situ TEM straining experiments was described also in CuAlMn alloy [13] .
An interesting feature of the structural observations in the strained foils is the morphology of the 1 martensite. In the thinnest areas close to the hole, the 1 plates were formed by one variant (V3), no twins were discernible and the 1 / 1 boundary was smooth (see the upper part of the 1 (V3) needle in Fig.2 ). According to the crystallographic theory of martensite [22] , there is no solution for a planar interface between the austenite and a single variant of 1 martensite (so called exact interface) in bulk CuAlNi. However, an exact 1 / 1 interface can be formed under specific conditions in a thin film [22] . Ostapovets [23] In a greater distance from the hole where the foil was thicker, the 1 martensite was twinned (Figs. 3) consisting of variants 1 (V3) and 1 (V1). This combination represents type I twinning as follows from the measured twin planes near (  1  2  1 ) 1= . The morphology of the 1 / 1 boundary shown in Fig. 3 demonstrates that planar interfaces between austenite and a single martensite variant can exist on the microscopic level. As described in [23] the habit plane crystallography depicted in Fig. 3 can be no more explained in the frame of 2-dimensional (thin film) phenomenological theory and must be treated as a 3-dimentional case [24, 25] could be detected in the vicinity of the {331} 1 segments, a simple shear was taken as a lattice-invariant deformation in the model. The nature of the simple shear is being examined at present. However, preliminary results [25] indicate that it might be related to the structural defects observed in 1 martensite (Fig. 4) .
Conclusions
The strain-induced transformation processes in thin foils correspond well to the austenite martensite transformations described in bulk specimens. However, nucleation of 18R martensite is more difficult than nucleation of 2H martensite in the thin foil. Relatively long smooth interfaces form between austenite and a single variant of 2H martensite. The existence of these exact 1 / 1 interfaces can be explained on the base of the phenomenological theory of martensitic transformation.
